. Archives of Disease in Childhood, 45, 534. Physiological response to exercise in children with lung or heart disease. The technique of exercise testing in children with lung or heart disease is briefly described and the results of such studies in 5 illustrative cases are discussed in detail, each child being compared with a matched control. The tests enable detailed cardiorespiratory data to be obtained quite simply using arterialized ear-lobe blood, and a rebreathing method for mixed venous Pco2. The practical value of exercise testing in determining the nature and severity of disease processes is described and its special role in confirming normality in the absence of significant disease is discussed.
The study of the physiological response to exercise has advantages over more conventional diagnostic techniques at rest, because man is an animal designed for considerable athletic activity and the commonest symptom of disease of the lungs or heart is inability to take normal amounts of exercise. To study the patient's response to exercise investigates the symptom and tests the 'machine' under load rather than just idling-a sound mechanical principle. At rest, studies of ventilation and gas exchange are notoriously unreliable because it is difficult to get a truly resting steady state without considerable inconvenience, and the measurements require a very high degree of instrumental accuracy. It is much easier and quicker to attain a steady state during exercise, and external or emotional influences are much less of a problem. Moreover, the measurements allow for much more latitude in the analyses.
The problem with exercise testing has always been one of technique especially in children, where certain standard adult procedures are unacceptable. These include arterial and right heart catheterization in order to obtain cardiac output. However, techniques were developed in adults for measuring mixed venous Pco2 by a rebreathing method during exercise , and for estimating cardiac output and dead-space without directly measuring arterial Pco2 (Jones et al., 1966; Received 10 February 1970 . Equations have also been developed for calculating the rise in blood lactate (Clode and Campbell, 1969) . These techniques have recently been used in children (Gadhoke and Jones, 1969) , and their application has been greatly facilitated by use of a digital computer program (S. Godfrey, in preparation). A simple method of obtaining arterialized blood from the ear-lobe during exercise has also been developed (S. Godfrey et al., in preparation) which renders such studies more valuable.
The present paper attempts to show the types of disturbance encountered in children with lung or heart disease, who have exercised using these techniques. One patient from each of several well-defined groups is presented to illustrate the points.
Methods
The methods used in these studies will be fully described later and will only be summarized here. All subjects performed two types of exercise seated on a cycle ergometer (Lode).
(a) Progressive exercise. The subject breathed through a low resistance, low dead-space (53 ml.) circuit, inspired ventilation being monitored continuously by means of a gas meter in which case the correction described by Denison et al. (1969) was used. End-tidal Pco, was sampled at the mouth during gas collection and rebreathing. As soon as a satisfactory rebreathing plateau had been obtained, the work load was increased to the second level and the whole procedure repeated.
All analytical apparatus was calibrated for each measurement with gases analysed in duplicate by a Lloyd-Haldane apparatus. All calculations were performed by a digital computer using the equations mentioned in the Introduction. Resting blood lactate was assumed to be 1 O mN.
Results
In order to illustrate the use of exercise tests, the results of studies on 5 young patients are presented. For comparison each patient has been paired with a control matched as closely as possible for size from a series of normal children studied in this laboratory by the same methods. In most cases the patients were relatively small for their age as a result of their disease, and hence the controls were relatively younger. The basic details and spirometry of the 5 pairs are given in Table I , the results of progressive exercise tests in Table II , and the results of steady state exercise at the highest level achieved in Table  III . Each pair will now be discussed separately.
Pair 1: cystic fibrosis. The patient and control were of closely similar size but the forced expiratory volume in one second (FEV1. ) and forced vital capacity (FVC) were somewhat reduced in the patient (Table I ). In the progressive test the patient achieved a similar highest work load (Wmax) to the control with a similar pulse (Pmax) and a moderate increase in ventilation (Vmax) as shown in Table II . The only real difference in the steady state test (Table III) between the pair of subjects was the obvious increase in physiological dead-space in the patient. Though venous admixture in the patient was alnost normal on exercise, this was a conspicuous improvement on the resting figure (not shown) which was 15 4 %. It should be noted that the total ventilation in the patient was high because of the large dead-space, while that of the control was relatively high because of alveolar hyperventilation (low arterial Pco2) probably provoked by lactic acidosis. The changes in the patient are characteristic of mild cystic fibrosis. At a later stage of the disease the dead-space would be larger, venous admixture much increased, and working capacity severely restricted. Pair 2: pulmonary hypoplasia. The patient in this pair had suffered a severe bronchiolitis in infancy and his lungs had probably never been able to develop properly thereafter. He was small and was matched with a control nearly 3 years younger than himself. Spirometry showed severe airways obstruction (Table I ). His effort tolerance was somewhat reduced compared with that of his much younger control. That this was a truly maximal effort is indicated by his Pmax which was up to the highest levels usually seen in children. His ventilation (Vmax) was relatively low even for 75 watts (see control of Pair 1).
In the steady state test (Table III) there are a number of gross differences from the control. Simple measurements of ventilation, such as total ventilation, tidal volume, frequency, and gas exchange could be highly misleading alone since they were all normal. However, the blood gases are highly abnormal with increases of mixed venous Pco2 and of arterial Pco2 indicating alveolar hypoventilation, and arterial hypoxia. Dead-space is about twice that of the control. Thus, though total ventilation was normal, alveolar ventilation was very reduced due to a combination of an enlarged dead-space and primary hypoventilation-in order to keep arterial Pco2 normal total ventilation would have needed to be 35 0 1./min. The hypoxia was only partly due to alveolar hypoventilation, since venous admixture was considerably increased indicating regions of lung with low ventilation-perfusion ratios. Cardiac output was normal, and though stroke volume was lower than that of the control who had a slower pulse, it was no different from other normal children of similar size (compare the control of Pair 1). This pattern of severe alveolar hypoventilation and ventilationperfusion imbalance has been seen in other children with pulmonary hypoplasia.
Pair 3: multiple lung cysts. The patient was small for his age and was matched with a boy 2 years his junior. In relation to his size his spirometry was only marginally reduced ( Table I) . The progressive exercise test was entirely normal for his size (Table II) (Table III) . Total ventilation was considerably increased but, despite this, alveolar ventilation was still low since arterial Pco2 was raised. As in Pair 2, the increase in total ventilation reflected an increase in deadspace, but another factor here was probably acidosis due to the high lactate indicating excessive anaerobic metabolism. There was some arterial desaturation but venous admixture was only moderately increased. The over-all picture of high ventilationperfusion ratios is similar to that seen in cystic fibrosis as in Pair 1, but the other factor of alveolar hypoventilation is not seen in cystic fibrosis. Cardiac output was normal. The patient had multiple bullae in the right lung visible radiologically but was otherwise well. The pattern of response to exercise is similar in some ways to that seen in adult emphysema (Jones, 1966) , but differs in the failure to desaturate significantly on exercise. This probably means less extensive disease.
Pair 4: Eisenmenger's syndrome. The patient and her control were very similar in age, size, and spirometry (Table I ). In the progressive test the patient was unable to do as high a level of work and her V, was very high. In fact ventilation and pulse were excessive at all levels below Wmax, which are not shown. She was unable to complete the higher level of work in her steady state test and the results shown in Table III are for the lower level, i.e. one-third of her Wma,,.
Total ventilation was double that of the control for an identical level of 02 consumption, and this reflected gross alveolar hyperventilation with a very low arterial Pco2. There was a moderate increase in dead-space, though it is difficult to be accurate at this respiratory frequency and low work level. Cardiac output was very low and stroke volume very small, but this only reflects the volume of blood passing through the lungs. Venous admixtureright-to-left shunt-was grossly excessive, and almost one-third of the blood leaving the left side of the heart came directly from the right. If this is added to the calculated cardiac output, it would give a right ventricular output which was close to normal. The venous admixture at rest was nearly 30%, and on breathing 100% 0°at rest until all N2 was flushed out of the lungs, the venous admixture only fell to 21%. This confirms that the right-to-left shunt was intracardiac and not due to poor ventilation-perfusion balance in the lungs, and also that 02 is incapable of reducing pulmonary vascular resistance to any real degree. This child had a ventricular septal defect with pulmonary hypertension causing the right-to-left shunt. The alveolar hyperventilation is often seen in other conditions with pulmonary hypertension of noncardiac origin, e.g. pulmonary embolism (Jones and Goodwin, 1965) and is probably of reflex origin.
Pair 5: suspected heart disease. The patient and control were closely matched for size, and though spirometry was unfortunately not performed by the patient his peak expiratory flow rate was measured as 460 I./min. which was normal. His W.. was one level lower than that of the control (Table II) . During steady state exercise at a slightly lower level of work (oxygen consumption 10% lower), there is no abnormality since the lower cardiac output (12%) is proportional to the lower oxygen consumption. Stroke volume is 25%
lower, but this is really due to the remarkably slow pulse of the control subject-the sign of a very fit person. The patient had been suspected of having a cardiomyopathy on the grounds of a systolic murmur and a radiological heart shadow at the upper limit of normal. The results of these exercise tests showed that functionally he was completely normal, making the diagnosis extremely unlikely. Other children with cardiomyopathy who have been studied produce highly abnormal results.
Discussion
These five pairs of patients serve to illustrate that exercise tests are both practical and informative in even quite young children. In fact we have extended our normal range to include 6-year-old girls and boys (S. Godfrey and C. T. M. Davies, in preparation), which is much younger than the boys studied by Gadhoke and Jones (1969) , and a number of 6-year-old patients not presented here have also been studied.
The chief difference between the type of study described here and those done previously on healthy or sick children (Bengtsson, 1956; Duflie and Adams, 1963) (Campbell, 1967) . It quantitates any abnormality present and provides certain patterns characteristic of different pathological conditions. Moreover, it can differentiate between superficially similar disturbances. Thus, though total ventilation was increased in the patients from Pairs 1, 3, and 4, dead-space was enlarged in 1 and 3, alveolar hypoventilation was present in 3 and 4, and right-to-left shunt in 4.
These tests, though very useful in children with heart or lung disease, are also of great value in what may be called respiratory or cardiac 'non-disease'. It has been suggested that the morbidity of cardiac non-disease is greater than that of real disease (Bergman and Stamm, 1967) , and one often meets the child with a benign systolic murmur or unimportant shadow on chest x-ray who is labelled as having a 'weak heart' or 'weak chest'. A normal performance on exercise in both progressive and steady state tests is probably the best index of functional normality as in the patient of Pair 5, and may be used to reassure patient, parents, and doctors.
Finally, the analysis of effort intolerance in the terms described here enables the physician to provide logical explanations for the symptom which is usually the chief cause of concern. 
Heart

